Background: Host-microbe interactions are particularly intriguing in 22 Atlantic cod (Gadus morhua), as it lacks the MHC II complex involved in 23 presentation of extracellular pathogens. Nonetheless, little is known about 24 the diversity of its microbiome in natural populations. Here, we use 16S 25 rRNA high-throughput sequencing to investigate the microbial 26 community composition in gut content and mucosa of 22 adult 27 individuals from two coastal populations in Norway, located 470 km 28 apart. 29 Results: We identify a core microbiome of 23 OTUs (97% sequence 30 similarity) in all individuals that comprises 93% of the total number of 31 reads. The most abundant orders are classified as Vibrionales, 32 Fusobacteriales, Clostridiales and Bacteroidales. While mucosal samples 33 show significantly lower diversity than gut content samples, no 34 differences in OTU community composition are observed between the 35 two populations. The differential abundance of oligotypes within two 36 common OTUs does reveal limited spatial segregation. Remarkably, the 37 most abundant OTU consists of a single oligotype (order Vibrionales, 38 genus Photobacterium) that represents nearly 50% of the reads in both 39 locations.
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Sørøya, Fig. 1a ). Additionally, to ensure the classification of the intestinal 106 bacterial community we investigate the microbiome composition of gut 107 content vs. mucosa. We find that a single 16S rRNA Vibrionales 108 oligotype (genus Photobacterium) comprises nearly 50% of the reads in 109 both locations, and show that the intestinal bacterial community is 110 numerically dominated by a limited amount of highly abundant 16S 111 rRNA oligotypes. There are no significant differences in community 112 composition between the two locations, while there is a small, but 113 significant difference between gut content and mucosa. The ubiquity of 114 the dominant 16S rRNA oligotypes suggests that the gut microbiome of Sequence data generation 162 The V4 region of the 16S rDNA gene was amplified according to a 163 slightly modified version of the EMP protocol (original v. 4.13) [26] 164 using the primers 515f (5'-GTGCCAGCMGCCGCGGTAA-3') and 806r 165 (5'-GGACTACHVGGGTWTCTAAT-3'), the latter containing a 12 bp 166 barcode unique for each sample (Additional file 2). Reactions were 167 amplified for 30 cycles (3 min at 94°C, 30 cycles of 45s at 94°C, 60s at 168 52°C, and 90s at 72°C), with a primer extension of 10 min at 72°C. In OTUs with more than 10 reads (>99% of total number of reads).
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Oligotyping 220 Identification of putative bacterial strains and investigation of any 221 concealed diversity was performed by oligotyping [40] . This is a 222 supervised computational method to distinguish closely related but 223 distinct bacterial organisms. In short, an oligotype is a concatenation of 224 the most information-rich SNPs in a genetic marker sequence, and may 225 be used as an approximate to a bacterial strain. A Shannon entropy 226 analysis of the aligned 16S rRNA V4 sequences identifies information-227 rich positions, and a user-selected set of these are chosen for further 228 analysis by visual inspection according to the Eren 2013 paper [40] . 229 Oligotype profiles are then generated through a process involving 230 different filtering parameters. Due to the supervised nature of the method, 231 we limited the oligotyping to the ten most highly abundant OTUs in our 232 dataset. The following parameters were applied: s = 4, a = 0.1, A = 0 and 233 M = 176 (mean library size/1000).
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Statistical analysis 236 Differences in within-individual diversity (alpha diversity) were studied 237 using a linear mixed effects model with random effect for fish, following 238 Zuur et al. 2009, chapter 5.3 [41] . The "optimal" models (i.e. the models 239 that best describe the individual diversities) were identified by a top- Intestinal microbial diversity 332 The individual tissue samples contain between 34 -90 OTUs (Fig. 4) , and 333 vary also in diversity estimated by Shannon (H) and Inverse Simpson 334 (1/D) indexes (Additional files 10 and 11). The optimal linear mixed 335 effects models for the three diversity measures, including fish specimen 336 as a random effect, reveal a statistically significant difference between 337 mucosa and gut content (Table 2, Additional file 12). For all three 338 measures, the diversity is significantly lower in mucosa than in the gut. 339 However, the estimated differences are small compared to the variation in 340 the diversity measures between all 22 individuals. For the number of 341 OTUs, the estimate in Table 2 corresponds Lofoten and Sørøya (Table 3) . Nevertheless, the difference between gut 364 content and mucosa has a very small effect size, and can only explain 365 about 1 -3% of the total variation in the gut and mucosal samples. The 366 reason why these small effects become significant is, as described above, Identification of oligotypes with differential abundance 382 Oligotyping reveals higher taxonomical detail in six of the ten most 383 abundant OTUs (Fig. 5a ). Each of the OTUs 02, 04 and 06 -09 consist of 384 at least two oligotypes, while the remaining four OTUs show no such 385 substructures (i.e. there is one oligotype per OTU). Of the six OTUs with 386 multiple oligotypes, OTU 04 and OTU 09 contain oligotypes with a 387 differential abundance between the two locations. OTU 04 oligotype "C" 388 has a small but significantly higher abundance in Sørøya than in Lofoten 389 (Table 5 ). P-values just above 5% of an additional OTU 04 oligotype 390 ("T") and two OTU 09 oligotypes ("ATGAG/CGAGT") weakly indicate 391 a differential abundance between the two locations. The remaining OTUs 392 with multiple oligotypes contain no differentially abundant oligotypes 393 ( Fig. 5b We observe a small, but significant difference between the microbial 455 communities in gut content and mucosal tissue. The alpha diversity 456 estimates reveal a slightly less diverse community in mucosa than in gut 457 content, which is in agreement with previous findings in fish [22, 50] . 458 This observation supports a hypothesis assuming that the intestinal 459 mucosa hosts a subset of specialized bacteria compared to what is present 460 in the more heterogeneous gut content of an omnivore. We find that the 461 numerically dominant OTUs are abundant in both gut and mucosa. From 462 this, we derive that these OTUs are associated with the intestinal mucosa, 463 as part of the residential (autochthonous) microbiota. This permanent 464 community is most likely to interact with the host and may serve 465 functionally important purposes, i.e. protective immunity [2] . 466 Nevertheless, the limited community differences we observe between the 467 tissue types may also reflect our sampling methodology; out of necessity, Another explanation for the lack of differentiation in the microbiome of 521 the Atlantic cod intestine may be related to its lack of MHC class II, a 522 key pathway in the vertebrate adaptive immune system. MHC II is 523 produced in antigen-presenting cells which phagocytize extracellular 524 particles, including bacteria. It is therefore proposed that this pathway is 525 involved in the recognition and management of a complex bacterial 526 community [60] . The absence of such a regulatory mechanism may lead 527 to a limit in the number of resident bacterial species that can be 528 maintained in its intestines. Indeed, it has been suggested that a lower 529 microbial diversity observed in invertebrates is due to their lack of an 530 adaptive immune system [61] . Thus, the role of the Atlantic cod immune Results from the optimal linear mixed effects models used to analyze within-sample 868 (alpha) diversity. "Estimate" indicates the estimates of the regression coefficients for 869 the fixed effects in the model. Tissue estimates are given relative to gut, and the sex 870 estimate is given relative to females. Significant effects (p < 0.05) of covariates are 871 indicated by an asterisk. 872 
